Frequency-dependent selection at the diazinon resistance locus of the Australian sheep blowfly, Lucilia cuprina
INTRODUCTION
Wallace (1968) represents soft selection as the process where, for example, the level of mortality remains constant in spite of fluctuations in the fitness distributions of a population of genotypes. Strictly defined, soft selection must include the interaction of density-and frequency-dependent factors (Wallace, 1975) . It allows for the possibility of subtle ecological interactions between genotypes which may be critical to evolutionary processes (Ayala and Campbell, 1974; Clarke, 1979; Parsons, 1983; Emlen, 1985) .
Models of the evolution of insecticide resistance are usually based on the assumption of hard selection, fixed fitness sets defined by the presence, or absence, of the insecticide (Georghiou and Taylor, 1976; Comins, 1979; Mani, 1985) .
However, recent studies in L. cuprina have shown specific fitness differences may occur at concentrations that are sub-lethal for each genotype 1984) questioning both the tenet of fixed fitness sets and the assumption that fitness is determined only by concentration thresholds about which mortality is genotypically dependent (Brown and Pal, 1971) . That is, they suggest that the evolution of insecticide resistance may involve soft, rather than hard, selective processes in some circumstances .
McKenzie et a!., (1980) have described resistance of L. cuprina to the organophosphorus insecticide diazinon in terms of allelic substitution of the RIA allele for the susceptible (S) allele of the Rop-1 locus on chromosome 4 (Foster et al., 1981) . In sheep-grazing areas of Australia susceptible flies are currently rare Hughes, 1981; McKenzie, 1984) . Selection for insecticide resistance is concentrated at the larval stage of the life cycle (Whitten et a!., 1980) .
Comparison of the relative viabilities of larval genotypes in artificial myiases on sheep has shown heterozygotes and SS homozygotes to be similar for some 20 weeks post-treatment of sheep, several weeks beyond the protection period afforded by diazinon. During this period resistant (RR) homozygotes are at a selective advantage in spite of a considerable decay in insecticide concentration on the sheep . Thus, resistance is recessive, with respect to viability, for a significant period. Such a fitness relationship may lower the rate of the evolution of resistance (Curtis, 1981; Wood and Mani, 1981; McKenzie 1983) . A critical period is when the R allele is rare in the population, fitness comparisons being between SS and RS genotypes .
The similar viabilities of these genotypes at the A second experiment used 200 eggs per cup at both diazinon concentrations. Ten trials were conducted at SS frequencies of 10, 20, 30 and 40 per cent in mixed SS/RS cultures.
RESULTS

Dosage Mortality Curves
The dosage mortality curves are presented in fig. 1 .
There is a natural mortality in egg hatch and development that is independent of insecticide presence. The egg hatch percentage is similar for all genotypes (RR, 77.7± 121 (standard error in angular scale); RS 807±415; SS 78.0± 2.33) but RS may have a higher overall developmental percentage in the absence of the insecticide (table 1). The dosage mortality curves are therefore for the range of insecticide concentrations over which there is a linear increase over inherent mortality. The data indicated the inheritance of resistance to be partially dominant, although clearly there is some overlap between the viability distributions of the genotypes in the concentration range considered.
Pure and Mixed Culture Experiments Taken as a whole the data of the two experiments showed the viability of SS genotypes was enhanced in mixed SS/RS cultures at 00002 per cent (W/V) diazinon concentration when the initial frequency of SS eggs starting those cultures is equal to, or less than, 20 per cent.
DISCUSSION
The dosage mortality curves derived using the meat meal test system provided results similar to those (1)x(2) (1)x (3) (2) x (3) (1)x (2) 
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observed in other tests in Lucilia (Roxburgh and Shanahan, 1973; Arnold and Whitten, 1975) and in insects generally (Brown and Pal, 1971) in that resistance displayed a partially dominant mode of inheritance ( fig. 1 ). It should be noted that the RS probit line may be partly displaced towards the RR line as the overall viability of the heterozygote is greater in these experiments. This is almost certainly due to general heterotic effects that are not specifically related to the diazinon resistance locus as similar viability has been observed for all three genotypes in the absence of the insecticide when a common genetic background is shared McKenzie and Whitten, 1984) .
The distribution represented by the dosage mortality curves indicated that there is some overlap between the viabilities of the genotypes which allows the potential for subtle genotypic interactions to occur in the presence of diazinon. This potential is realised in the comparison of SS and RS genotypes in these experiments. The viability of SS was facilitated, relative to that in pure culture, in mixed RS/SS cultures at diazinon concentrations greater than OOOO2 per cent (W/V) ( fig. 2) . The presence of SS has no effect on the viability of RS over the concentration range considered. Similar results were observed for SS and RS when different susceptible strains (SWT and LBB) were used so it seems the facilitation effect may be associated directly with the resistance locus.
The interaction between SS and RS genotypes was further investigated in experiments conducted over a range of culture densities and genotypic frequencies in media at 0 per cent and 00002 per cent (W/V) diazinon concentrations. The latter was chosen as some SS individuals were viable in pure culture at this concentration (figs. 1 and 2) and thus sub-lethal effects could be considered. Pragmatically, this concentration also allowed sufficient SS genotypes to reach the adult stage to enable comparison of any interactive effects.
The initial experiment demonstrated that viability was influenced by culture concentration and density for both genotypes. Viability was lowered by insecticide presence and increasing density. (tables 1 and 2) . Importantly, the viability of the The relative viability of RS was independent of genotype frequency and there was no indication of interaction between frequency and the density of the culture for either genotype. That is, while density influenced the proportion of a genotype reaching the adult stage, similar trends were observed at each density. Frequency-dependent selection of SS genotypes was confirmed by comparison of viability over a more limited range of initial SS frequency (10-40 per cent) in mixed culture at a fixed density of 200 eggs per cup. The results showed that the SS genotype has a relatively greater viability when present at frequencies of 20 per cent, or less, in mixed SS/RS cultures compared to viabilities at frequencies greater than this (tables 3 and 4). Viability was significantly greater at a frequency of 10 per cent than at 20 per cent. This may suggest an inverse relationship between SS frequency and viability. Caution should be exercised with respect to this relationship as random mortality at low genotypic frequencies may over estimate viability values. However, the observation of frequency dependency in both experiments and the similarity of the number of adults emerging from 0.0002 per cent (W/V) diazinon medium in each (tables 1 and 3) allows confidence in the demonstration of the phenomenon.
It should be noted that the present results do not provide an explanation for the recessiveness of resistance, with respect to viability, observed in egg implant studies on sheep over a considerable concentration range 1984) . Irrespective of the facilitation of SS, the RS genotype was significantly more viable in the presence of diazinon. It is possible that the laboratory test system involves different genotypic interactions to those observed in implants on sheep. However, preliminary observations indicate facilitation of SS to occur in implants. The interactions may be more complex when SS, RS and RR genotypes are present, the experimental conditions of the initial implant trials, as differences have been observed with the number of genotypes compared in other systems (Toié and Ayala, 1981) . Further work is required to resolve this.
Comparison of the mixed culture and frequency and density experiments indicates critical interaction frequencies may vary with the insecticide concentration. A general association between the level of stress, genotypic interaction and the definition of fitness relationships has several consequences for models of the maintenance of genetic variability (Wallace, 1968; Parsons, 1971 ) and for the framework in which the evolution of insecticide resistance may be considered .
Not least of these is that fitness sets may not be fixed, a characteristic contrary to many models of the evolution of resistance (McKenzie, 1983) .
In this instance the genotypic interaction is unlikely to greatly influence the rate of the development of resistance as RS genotypes would be at significant frequencies before the interaction could come into play. However, the acceptance of the possibility of interactions that move in the direction of a soft selective mode enables consideration of the evolution of resistance without the usual requirement of a decrease in population numbers.
The system may also allow a mechanistic analysis of the process of frequency-dependent selection. It may be possible to describe an association between the selective agent, the phenotypes and the physiological and biochemical properties related to those phenotypes (Clarke 1975) as there are some data on the biochemical basis of diazinon resistance in L. cuprina (Hughes and Devonshire, 1982) . Similar opportunities have been effectively utilised in other systems (Haj-Ahmad and Hickey, 1982) but there is no general consensus on the molecular bases of these interactions as they relate to the maintenance of genetic variability, particularly if there is the inference of the "conditioning" of the larval environment of one genotype by another (Huang eta!., 1971; Dolan and Robertson, 1975) . The diazinon resistance system of L. cuprina may have a contribution to make in this area as SS genotypes are facilitated in diazinon containing media previously conditioned by RS (or RR) larvae (McKenzie, unpublished).
